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ABSTRACT

A T-tail flutter model was designed, built and tested by personnel
of Southwest Research Institute, San Antonio, Texas., Wind tunnel tests
were conducted at the Wright Air Development Center 20 Foot Wind Tunnel
during May and June, 1952,

The stabilizer of the model could be located at six different posi-
tions on the fin: three different chordwise points at each of two dif-
ferent spanwise stations, The stabilizer rocking frequency, fuselage
side bending and torsional frequencies, and rudder rotational frequency
could all be varied, Tests involving various combinations of these four
degrees of freedom as well as fin bending and torsion were conducted for
various stabilizer locations, The stabilizer could be replaced by stream-
lined weights which simulated the stabilizer in weight, yawing moment of
inertia and center of gravity location but not in roll inertia,

Theoretical flutter analyses were conducted for six different model
configurations with the number of degrees of freedom involved ranging
from two to four., No aspect ratio corrections were employed in the

amlyse S

Results indicate that for a constant fin bending to fin torsion
frequency ratio the critical nondimensional velocity ratio,, V/Bra-'),,
for T-tails is relatively independent . of stabilizer fore and aft lo-
cations in the range of chordwise locations tested, Also for a con-
stant fin bending to fin torsion frequency ratio, the T-tail with
stabilizer located at the 58% fin span has a more critical V/Brw/
than when the stabilizer is located at the fin tip, Stabilizer
stiffness in roll relative to the fin has a negligible effect on the
critical nondimensional velocity ratio, V/B.wjy , over the range
tested, Reducing the fuselage stiffness in side bending and torsion
results generally in a decreased critical nondimemnsional velocity
ratio, V/B wy o

For constant or fixed fin torsion and bending stiffnesses the criti-
cal flutter speed,V, for T-tails decreases appreciably as the stabi-
Lizer position 1s changed from 8 to 48% of the fin chord aft of the
fin elastic axis, and increases appreciably when the stabilizer posi-
tion is changed from the fin tip to the 58% fin span location,
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LIST OF SYMBOLS
Symbols other than those listed below are defined in Reference 1.

h Lateral displacement of fin elastic axis, positive to right on
inverted model looking forward - in.

hy Lateral displacement of fin elastic axis at fin tip, positive
to right on inverted model looking forward - in,

h? g_%- 8lope of fin bending curve,

h'L (D h ) - Tip slope of fin bending curve.
05/,

J Rotation about fin elastic axis in plane perpendicular to fin
elastic axis, positive counterclockwise looking from root to
tip - radians.

Y1  Rotation about fin elastic axis at fin tip in plane perpendi-
cular to fin elastic axis, positive counterclockwise looking
from root to tip - radians.,

¢ Fuselage rotation about vertical axis through flexure beam
& , positive counterclockwise looking from fin root to tip-
radians,

= Fuselage rotation about axis through flexure beam longitudinal
& , positive counterclockwise looking forward - radians,

Y- Rudder rotation about rudder hinge line, positive counterclock-
wise looking from fin root to tip - radians,

V Stabilizer rotation about axis parallel to fuselage ¢ and at

stabilizer ¢ , positive counterclockwise looking forward -
radians,

dh cos L i
= h'y cos /L - radians
K (‘g‘sr,— L F L F

%’ & sin.,L F- radians

oh ) sin /L = hty sin_/LF - radians
7h (5_51-*—1, d
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7r

J1, cos g g — radians

/L Sweepback angle of fin elastic axis,

/L g Sweepback angle of stabilizer quarter chord line.

X

s

Sp

Fin angle of attack (rotation in plane parallel to airstream)
positive counterclockwise looking from root to tip - radians.

Stabilizer angle of attack = O radians.

Distance measured fromf in root along fin elastic axis - in,
Fin tip station on elastic axis = sFtip - in,

Distance measured from stabilizer root along stabilizer pseudo-
elastic axis (line parallel to stabilizer quarter chord line
and passing through fin elastic axis trace) - in,

Stabilizer tip station on pseudo-elastic axis = sStip - in,

Fin semichord parallel to fuselage center line--in. or ft.

Reference semichord (on fin) parallel to fuselage center line,
16.71 in, from fin root = 1.,h4L45 ft.

Fin semichord perpendicular to fin elastic axis - in. or ft.

Stabilizer semichord parallel to fuselage center line - in.or ft,

Stabilizer semichord perpendicular to stabilizer pseudo-elastic
axis - in, or ft,

s = Sg cos_/4_s + Bs(l/2+a) sin_L s cos_/l..s - in,

Distance, parallel to fuselage center line, from fin elastic
axis at fin tip to stabilizer C.G. - in.

Distance measured from fin elastic axis, perpendicular to fin
elastic axis = in,

Distance measured from s tabilizer pseudo-elastic axis, perpen-
dicular to pseudo-elastic axis - ine.

Distance, perpendicular to fuselage center line, from flexure
beam center line to fin root - in.

Distance, perpendicular to fuselage center line, from flexure
beam center line to fin tip - in.

Distance, parallel to fuselage center line, from center of
flexure beam to fin elastic axis at fin root - in.
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Ir

sy

Iyaw

Distance, parallel to fuselage center line, from center of
flexure beam to fin elastic axis at fin tip - in,

Fin-rudder combination mass per unit length along fin elastic
axis - 1b sec?

in,

Mass per unit area = lb sec?
in,

Total mass of fin-rudder combination - 1lb sec?
N,

Total mass of stabilizer (both sides) - 1b sec?
N,

Fin-rudder combination static unbalance about fin elastic axis,
per unit length along fin elastic axis - 1b in, sec?
—-———2———
in,
Total stabilizer static unbalance about a vertical axis through
fin elastic axis trace at fin tip (=M5r) - 1b in, sec?
in,

Fin-rudder moment of inertia about fin elastic axis, per unit
length along fin elastic axis - 1b in.2 sec?

in,2

Total moment of inertia of fin-rudder about fin elastic axis -
1b in,%sec?
No

Total rolling moment of inertia of stabilizer (both sides)about an
axis through fin tip parallel to fuselage center line - 1b in,2sec?

in,
Total moment of inertia of stabilizer about a horizontal axis
through flexure beam center line, parallel to fuselage center
line ( = Ip+MX;2) — 1b in,2sec?
——e
in,

Total yawing moment of inertia of stabilizer (both sides) about a
vertical axis through stabilizer C,G., - 1b in.2sec?

e

in,

Total yawing moment of inertia of stabilizer about a vertical axis
through fin elastic axis trace at fin tip ('Iyaw+MSr2) - 1b in,2sec?

in,
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Total moment of inertia of stabilizer about a vertical axis
through flexure beam center line (’Iyaw+ns(Yt+r)2) - 1b in.2sec?
in,

Total moment of inertia of fuselage about a vertical axis through
flexure beam center line - 1b in° sec?
in,

Total moment of inertia of fuselage about a horizontal axis through
flexure beam center line - lb in,¢ sec?
in,

Total fin-rudder combination kinetic energy - 1lb in,
Total stabilizer kinetic energy -~ 1b in,

Total fuselage kinetic energy - 1b in,

TF”TS+TFUS = Total kinetic energy in system - 1b in,

Work done or potentlal energy in i degree of freedom by virtue
of air forces =~ 1lb in,

'%1) 2@+ Jey)

Generalized coordinate describing motion in i degree of freedom

dgg
—at

Generalized force in i1 degree of freedom,

Natural "ecircular" uncoupled frequency of fin in bending about an
axis perpendicular to the fin elastic axis in the fin chord plane
and includes the effects of the rigid stabilizer yawing and rolling
moments of inertia - radians per seeond or cycles per minute,

Natural "circular"™ uncoupled frequency of fin in torsion about the
fin elastic axis (chord planes perpendicular to the fin elastic
axis) and includes the effects of the rigid stabilizer yawing

and rolling moments of inertia -~ radians per second or cycles per
minute,

Natural "circular®" uncoupled frequency of rigid stabilizer rocking on
rigid fin about an axis parallel to the fuselage center line - radians
per second or cycles per minute,

Natural "circular" uncoupled frequency of fuselage plus rigid em-
pennage in side bending about a vertical axis through center line
of the fuselage flexure beam-radians per second or cycles per minute,

Natural "circular® uncoupled frequency of fuselage plus rigid em-

pennage in torsion about the longitudinal axis through the center line
of the fuselage flexure beam -~ radians per second or cycles per mimute,
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SUMMARY

TFlutter characterisitics of a T-tail flutter model having variable
stabilizer locations as well as variable stiffnesses in the stabiligzer
rocking, fuselage side bending, fuselage torsion and rudder rotation
degrees of freedom are presented, Both fin and stabilizer were swept-
back and tapered., The stabilizer could be replaced by equivalent weights
in order to eliminate stabilizer aerodynamic damping. Although mass, static
unbalance and yaw inertia conditions were satisfied, the roll in-
ertia condition was not simulated, Detailed descriptions of all aspects
of the tests and calculations conducted are included,

The following results are contained herein:
l, Tabular results of all wind tunnel tests,

2, Graphical results of wind tunnel tests and calculations
showing the effect of stabilizer location on the flutter
parameters,

3. Graphical results of wind tunnel tests and calculationms
showing the effect of stabilizer rocking frequency on
the flutter parameters,

Lk, Calculated Flutter characteristics for six configurations
involving a maximum of four degrees of freedom,

S. Tabular comparison of experimental and theoretical results,

6, Zero airspeed frequencies and mode shapes for the various
configurations,

The results indicate that:

l, For constant fin bending and fin torsion frequencies the
critical V/B.Wy for T-tails is quite insensitive to fore
and aft stabilizer position but relatively sensitive to
spanwise position; the 58% fin span location being more
critical than the fin tip location,

2. For constant or fixed fin torsion and bending stiffnesses
the critical flutter speed, V, for T-tails decreases
appreciably as the stabilizer position is changed from
8 to LBY of the fin chord aft of the fin elastic axis,
and increases appreciably when the stabilizer position is
changed from the fin tip to the 58% fin span location,
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L,

5.

Stabilizer stiffness in roll relative to the fin
(rocking of the stabilizer on the fin) on this T-tail
configuration has a negligible effect on the critical
V/B.wy over the range of stiffnesses tested,

Generally, a decrease in critical V/Br w, results from
reducing the fuselage stiffness in side bending and
in torsion,

The theoretical analyses, in which no aspect ratio
corrections were made; of a limited number of the
test configurations indicates correlation between
test and theoretical values of V/B.c and V/B. Wy
ranging from approximately 20% conservative to

20% unconservative; the majority of cases indicating
the theoretical results to be unconservative,
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INTRODUCTION AND PURPOSE

For some time it has been known that serious flutter difficulties
could arise from a wing configuration in which a relatively heavy mass
located near the wing tip results in appreciable mass coupling and pro-
duces a bending-torsion frequency ratio near unity., Such a condition
may result from a T-tail configuration in which the stabilizer is lo-
cated at or near the fin tip,

A recent Air Force airplane was designed and built with a T-tail
configuration; both fin and stabilizer having approximately 35°* of
sweepback, The sweepback tended to place the center of gravity of the
stabilizer aft of the fin elastic axis thus creating a possible
serious mass coupling effect from the flutter standpoint. It was
recognized, however, that the aerodynamic damping contributed by the
stabilizer possibly could offset the adverse mass coupling effect,
and thus result in a satisfactorily stable empennage., A flutter
analysis of the T-tail configuration should include four or more
degrees of freedom, effects of taper, and aspect ratio corrections,
Consequently, it was believed that this complicated an analysis,
without any experimental check points to be used for comparison
purposes, would be unreliable in predicting flutter speeds for such
an aircraft, As a result it was considered desirable to design,
construct; test and analyze a T-tail wind tunnel flutter model having,
in its normal configuration, characteristics roughly similar to an
actual airplane,

The purpose of this investigation was to determine by experimental
methods the flutter characteristics of a T-tail with emphasis on the
effect on the flutter characteristics of (1) stabilizer fore and aft
location on the fin, (2) stabilizer spanwise location on the fin, (3)
stabilizer rocking stiffness, (L) fuselage side bending and torsional
stiffness, and (5) rudder rotational stiffness., The yawing frequency
of the stabilizer relative to the fin was kept high as specified in
the contract requirements; however, some information recently fur-
nished to the WADC indicates that this flutter parameter is very
important for T-tail configurations,

WADC TR 52-162 xvi




I, PROCEDURE

A, Model Design and Construction

The flutter model was designed to simulate approximately, a full
scale airplane in the following degrees of freedom:

1. fin bending

2, fin torsion

3, stabilizer rocking

L, stabilizer bending

5. fuselage side bending
6, fuselage torsion

7. rudder rotation

Other degrees of freedom such as stabilizer yaw, fuselage vertical
bending, stabilizer torsion; and elevator rotation were not simulated,

The model was designed and constructed so that the following
parameters could be varied:

1, fuselage side bending stiffness

2, fuselage torsional stiffness

3. fin spanwise location of the stabilizer
L., fin chordwise location of the stabilizer
5. stabilizer rocking stiffness

6, rudder rotational stiffness

7. aerodynamic damping of the stabilizer

The parameters on which the design was based are listed in Tables
1l and 2,

As shown in Figure II-1l, Appendix II, the aft section of the fuselage
was cantilevered from the rigidly supported forward section by means of
a flexure beam designed to simulate the fuselage side bending stiffness
and the fuselage torsional stiffness of a full scale airplane., Means
were incorporated whereby all fuselage motion, both bending and torsion,
could be effectively locked out when desired,

Attachment points for the stabilizer were provided at six different
points on the fin: three at 58% of the fin span and three at the fin tip,
The chordwise positions employed were at L8, 68 and 88% of the local chord
for each of the two spanwise stations., The stabilizer was attached to the
fin by means of flexure springs which prevented any stabilizer yawing motion
relative to the fin but could be altered to produce the various desired rock-
ing stiffnesses, Stabilizer attachments are shown in Figure I1I-l, Appendix
1T,
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Parameter

Model Parameter

b,

10,
11,
12,

13,

15,
160
17,

18,

19,

Maximum ﬁlselage depth e 0 0 0 © o © o ©
Maximum fuselage width o 0 6 6 0 0o o o o

Fin height above fuselage . ¢ o o o o o ¢ o

Fin tip chord 6 6 06 00 s 0 0 o
Fin root chord 6 6 00 6 0 0 o o
Rudder span 6 ¢ 00 06 00 o o
Stabilizer root chord o 6 0 06 0 0 0 o o
Stabilizer semispan ©c 6 0 0 0 0 0 o o
Stabilizer tip chord © 060600 0 o o 0

Stabilizer = elevator weight per side . o »
Fin -~ rudder weight © 0 6 s 0 0 0 o o
Rudder Weight o 0 0 ¢ © e © o ©

Rudder moment of inertia about hinge line

o

Stabilizer-elevator C.G., ¥ stabilizer chord
Stabilizer elastic axis, ¥ stabilizer chord

Fin elastic axis, # fin-rudder chord o o o
Fin = rudder C.Goy, & fin chord o o o o o o

Moment of inertia of stabilizer - elevator
about fin tip h% chord o © o o © o © o0 ©

Airfoil thickness ratio

o 0o © o o o o o 0

31.33 inches
25,00 inches
34,50 inches
28,67 inches
41,67 inches
26,67 inches
26,67 inches
L0,67 inches
13,20 inches

8,41 pounds
19,67 pounds

2,03 pounds
11,88 pounds-=inches2
50 %
Lo %
Lo %
L8 %

56,2l pounds-feet?

10 £ (approximate)

Table 1 ~ DESIGN GEOMETRIC AND MASS PARAMETERS
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Noo Parameter Model Parameter
1 Stabilizer rocking frequency relative Variable (See Table 3)
to rigid fin '
20 Uncoupled fin bending frequency with 225 cpm approximately
rigidly attached stabilizer and rigid
fuselage¥
3o Uncoupled fin torsional frequency with 300 cpm
1 rigidly attached stabilizer and rigid
fuselage*
L, Uncoupled fuselage side bending frequency# 180 cpm
5. | Uncoupled fuselage torsional frequency# 180 cpm
6o Rudder frequency Variable (See Table 3)
To Stabilizer symmetrical bending frequency LUO cpm
8. Stabilizer yaw frequency relative to rigid High: at least 2,5
fin times the uncoupled
fin torsional fre-
quency
» Normal Stabilizer Location (Fin tip, 68% fin chord)

Table 2 - DESIGN FREQUENCY PARAMETERS
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A variable length torsion spring attached at the rudder root and to
the fuselage allowed a wide range of rudder rotational stiffness values
to be obtained easily, Streamlined weights (Fig., II-6, Appendix IT)
which had a C,G, location, weight and yawing moment of inertia equiva-
lent to that of the stabilizer were constructed so that they could be
used to replace the stabilizer, thereby eliminating stabilizer aerody-
namic damping., A duplicate empennage was constructed, complete with
exciter system installation and instrumentation leads; for use in case
of damage to the original parts, A maximum tunnel speed of 250 mph
was used as a basis of design for all model components,

A compressed air exciting systemwas installed in the model which
consisted of a variable speed motor-driven rotary air valve located in
the forward fuselage (Fig., II-3, Appendix II) which fed sinusoidal air
pulses through individual tubes imbedded in the model to ports at the
stabilizer tips., The ports opened to both the upper and lower surface
of the stabilizer, pointing slightly outboard and forward to provide
components of air pulses in vertical; latergl, and fore and aft di-
rections, Air was valved to these ports in such a manner as to pro-
duce unsymmetrical excitation for the model., The system also included
a solenoid shutoff valve, tachometer, and necessary controls,

Eight accelerometers and four strain gage installations were incor-
porated at strategic points to allow measurements to be made of the mo-
tion, William Miller accelerometers; amplifiers and recording equipment
were used exclusively,

Following completion of the construction of the model; all uncoupled
modes that could be isolated were excited in order to check the design
uncoupled frequencies, This was accomplished by tying down various parts
of the model with wire so that only the desired motion could take place,
A detailed description of the model structure, support system, exciting
system, safety system and instrumentation appears in Appendix II,

B, Wind Tunnel Tests

The wind tunnel tests were conducted at the Wright Air Development
Center 20-foot Wind Tunnel during the period 1 May to 13 June 1952,
Table 3 presents the testing program conducted in the wind tunnel, Tests
1 through 32 were conducted by Southwest Research Institute personnel
with the assistance of WAIDC representatives under terms of the contract,
Tests 33 through 66 were later conducted by the WADC Dynamics Branch,

Prior to the start of the wind tunnel test program, shake table
calibrations were performed for all accelerometers., Response curves
were obtained using a wide range of frequencies and two different
amplitude settings, The accelerometers were rendered displacement
sensitive by virtue of the amplifier double integration circuits
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whereas the strain gage circuits contained no integrators, Since the
jintegrators introduced a phase shift which was a function of frequency,
it was necessary to run phase calibrations to determine the relative
phase angle between accelerometer and strain gage signals at various
frequencies, This was done by installing a strain gage bridge on a
flexure beam which was fixed at one end; the other end was forced to
move with the shake table, Each accelerometer was calibrated in its
respective amplifier channel and the recording oscillograph was used
to record simltaneously the eight accelerometer outputs and the strain
gage bridge output, A phase calibration curve and a typical accelero-
meter response curve are included in Appendix II,

The strain gage bridges which were used to measure fuselage
side bending, fuselage torsion, stabilizer rocking, and rudder rota-
tion were all subjected to static calibrations, Calibrations; in terms
of oscillograph trace amplitude versus angle of rotation, were obtained
by applying moments to the various model components,

Before testing each model configuration, the zero airspeed coupled
modes were excited and decay records made of each, However; in the cases
in which the configuration change involved merely the releasing of the
rudder from a locked conditiony only a rudder rotation decay record was
made, Excitation was accomplished either by using the compressed air
exciting system or by manual shaking., The latter method proved more
satisfactory for the lower modes due to the lack of fine frequency
control of the air vibrator,

During each run the tunnel velocity was increased in steps and
with each step the model was excited in the two most prominent coupled
modes, The pickup traces were observed on the oscillograph screen during
che decay, Simultaneously, a record of the output of one accelerometer,
located either in the stabilizer tip or the fin tip, was recorded on a
Brush recorder and analyzed immediately. In this manner an approximate
velocity-damping record, which proved valuable in predicting the approxi-
mate flutter velocity, was kept. This speeded up the tests since a basis
for the choice of velocity increments was established. Oscillograph re-
cords were made when flutter was obtained, Most of the excitations at
finite airspeeds were accomplished manually by jerking a wire attached
near the leading edge of the fin and extending through the tunnel wall,
This was necessitated by the fact that the compressed air exciting system
did not produce a sufficiently strong pulsation to excite the model ef~
fectively at high velocities,

Some difficulty was encountered in trimming the stabilizer in roll
at high velocities and at the low rocking spring stiffness, This was
attributed to the presence of slight differences in geometric twist and
incidence of the two halves of the stabilizer which resulted from manu-
facturing tolerances, The attachment of small aluminum trim tabs to the
stabilizer eliminated the difficulty,
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In the process of running the test program, (Table 3), tests 10,
11, and 12 were postponed until the remaining 29 tests were completed.
Catastrophic flutter was encountered while conducting Test 10 which
resulted in the destruction of the fin and equivalent stabilizer weights,
The explosive nature of the flutter encountered in this test and the
difficulty experienced in controlling it caused the postponement of the
two remaining tests which involved somewhat similar configurations,

The model was refitted with the spare fin and partial instrumenta-
tion; and turned over to the WADC Dynamics Branch for additional tests,
Some of the tests in the original schedule were repeated and are included
in Table L with additional tests as Test Numbers 33 through 66,

Reynold!'s Numbers encountered during the tests ranged from 2,48
to 6,12 X 105,

C, Theoretical Calculations

Theoretical flutter analyses were conducted for tests 1, 3, 10, 13,
17, and L5 which incorporated combinations of the following degrees of
freedoms

l, fin bending

2, fin torsion

3. stabilizer rocking
L, fuselage side bending
5. fuselage torsion

The uncoupled modes used in the analyses are listed in Table I-2,
The uncoupled fin bending and fin torsion mode shape and natural frequency
calculations were made by means of an iteration process using calculated
deflection influence coefficients and measured mass and mass moment of
inertia data, These measured data were obtained in the case of the fin
by actually sawing the structure into seven sections and measuring the
mass properties of each, Experimental uncoupled stabilizer rocking,
fuselage side bending and fuselage torsion frequencies and straight line
mode shapes were used, All pertinent data are presented in Appendix I,

Prior to conducting the flutter analyses zero airspeed frequency
and mode shape checks were performed for each of the six tests for which
flutter analyses were to be performed. This was done in order to insure

the validity of the determinant elements, In each case the frequency re- )
quired to make the determinant vanish was determined by successive approximation,

The derivations of determinant elements are presented in Appendix
ITI and the numerical values are tabulated in Table I-3, Appendix I,
Determinant solutions were conducted using the Arnold Vector Method of
Reference 2, Aspect ratio corrections, which would have been rendered
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somewhat complicated by such things as the end plate effect of the stabi-
lizer on the fin,were not desired since the scope of the investigation
did not require complete and comparable analyses with and without aspect
ratio corrections; consequently aspect ratio corrections were ruled out
in favor of a greater number of the more simple infinite aspect ratio
solutions, While theoretical spot checks were made of experimental
points, the emphasis was generally placed on establishing trends rather
than on pin-pointing exact flutter speeds,
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11, RESULTS

Experimental and theoretical results are presented in tabular and
graphical form in Tables 5 through 7 and Figures 1 through 30 respec-
tively, Table 5 is a summary of test results including both zero air=-
speed and flutter data, Values of V/B.&y and @ /wy are based on
calculated values of ¢y o Experimental amplitude ratios and
associated phase angles are contained in Table 6,

Figures 1 through 6 are graphs of V/B.w , V/B Wy, V and a)/a);
versus stabilizer center of gravity location for bogh the locked and
free fuselage configurations, Similar graphs for the stabilizer equi-
valent weights are presented in Figures 7 through 12, The effect of
stabilizer rocking frequency on the critical V/B w and V/B Wy is
shown in Figures 13 and 1L, Points located at zero frequency ratio
are based on an infinitely rigid rocking fitting, Although stabilizer
rocking motion could not be completely locked out, the rocking fre-
quency in the locked configuration was several times that of fin tor-
sion, The curves in Figures 1 through 1L, although basically experi~
mental results, also include theoretigal points,

Theoretical flutter analyses were conducted for six different model
configurations which involved a minimum of two and a maximum of four
degrees of freedom; the stabilizer or the stabilizer equivalent weights
were located at the fin tip in all cases, Graphical results of these
theoretical analyses are presented in Figures 15 through 30, The curves
of Figures 15, 16, and 18, which are graphs of g, versus critical V/Bra),
for three model configurations, were obtained by holding 9» constant
and varying @y as it was evident from the graphical solution that
variations in g, had relatively little effect on the results, How-
ever;, for the case shown in Figure 17 both damping coefficients were
varied, Graphs of critical V/B.& and V/B.Wy versus wy /Wy for all
six configurations are containeg in Figures 19 through 30, The ordi-
nates of the experimental points included in the g y or § versus V/Br, Dy
curves were determined by the measured damping coefficient in the
coupled mode which most closely approximated fin torsion. In the re-
maining curves (V/B_w versus wpy/wy and V/B Wy versus wh /Wy ),
the experimental V/B.w and V/B @y values are plotted versus ratios
of calculated fin bending and torsion frequencies,

Table 7 is a tabular comparison of theoretical and experimental
flutter results for the six configurations mentioned above., The test
amplitude ratios are based on fin tip amplitudes,

All of the aforementioned experimental results are taken from the

latter set of test runs (33 through 66) with the exception of amplitude ratios,
Four of the six configurations for which flutter analyses were conducted were
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tested in the first set of test runs and repeated in the latter set of
test runs, the exceptions being Test Numbers L5 and 61 for which there
were no corresponding tests conducted in the original schedule (Tests
1 through 32)., lLower flutter speeds were obtained at the time these
tests were repeated, but no appreciable change was noted in flutter
frequencies and amplitude ratios, Since more complete instrumentation
was used in the original tests, amplitude ratios were determined from
those tests where possible., The amplitude ratios listed for Tests L5
and 61 are approximate as a result of the limited instrumentation,

The differences in the results of the two sets of tests are treated
in the Discussion,

Figures 31la through 31h are sketches which show the zero airspeed
node lines and frequencies for all important model configurations., Many
of the model configuration changes involved only the unlocking of the
rudder or changing the rudder rotational frequency. Because of the
negligible effect of the rudder freauency on the zero airspeed coupled
modes, only the cases involving & locked rudder are included. The hode
lines shown for Test Numbers 33 through 66 are approximate because of
the simplified instrumentation used in these runs, However, points on
these lines at the intersections of the lines with a line through the
fin tip parallel to the air stream are accurate, .

Figure 32 is a photograph of a zero airspeed oscillograph record

and a flutter record for the same model configuration, These records
are tvnical of the ones obtained throughout the tests,
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Fig, 16 gy vs V/B.@y ,;Fin Bending-Fin Torsion Flutter,
Stabilizer C.G. at 100% Fin Span and 68% Fin Chord
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Fig. 17 g vs V/Bpey,Fin Bending-Fin Torsion Flutter,
Stabilizer Equivalent Weight C.G. at 100% Fin Span
and 68% Fin Chord
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Fig. 19 V/Bwvs Wy/wy , Fin Bending-Fin Torsion Flutter,

Stabilizer C.G., at 100% Fin Span and 48% Fin Chord
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Fig, 20 V/B.y vs Ghy/wy Fin Bending-Fin Torsion Flutter,

Stabilizer C.G. at 100% Fin Span and 48% Fin Chord
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Fig, 21 V/B.e/ vs GWh/y, Fin Bending-Fin Torsion Flutter,
Stabilizer C.G. at 100% Fin Span and 68% Fin Chord
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' Fig, 22 V/Brwy vs u/y; Fin Bending-Fin Torsion Flutter,
Stabilizer C.G. at 100% Fin Span and 68% Fin Chord
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Fig, 23 V/B.w vscq,/&),, Fin Bending-Fin Torsion Flutter, Stabilizer
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Fig, 2  V/Br yvs cyfdy, Fin Bending-Fin Torsion Flutter, Stabilizer
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Fig, 26 V/Brwyvs wjiy, Fin Bending-Fin Torsion Flutter,
Stabilizer C, G, at 106% Fin Span and 88% Fin Chord
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Fig. 28 V/BrlJyvs epfdy, Fin Bending-Fin Torsion-Stabilizer Rocking
Flutter, Stabilizer ¢, G, at 100% Fin Span and 68% Fin Chord
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Fig,3la 2Zero Airspeed Vibration Node Lines
and Frequencies (CPM)
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Fig, 31b Zero Alrspeed Vibration Node Lines
and Frequencies (CPM)
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Fig, 3le Zero Airspeed Vibration Node Lines
and Frequencies (CPM)
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Figo, 31f Zero Airspeed Vibration Node Lines
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III, DISCUSSION

A, General

At the time the wind tunnel tests reported herein were conducted,
it was most efficient and judicious to slightly alter the sequence of
tests as originally scheduled and as listed in Table 3, In most in-
stances the deciding factor in altering the sequence was the relative
ease of making configuration changes, In the case of Test Nos, 10,
11, and 12, however, which involved replacing the stabilizer with
equivalent weights; the decision to postpone these wind tunnel tests
until the very end of the program was due to a combination of the
radical nature of the configuration change and recognition of the
more catastrophic type of flutter which might be encountered. By
scheduling Tests 10, 11, and 12 at the end of the program; the running
of the other tests was not being Jeopardized by the possibility of
having the model destroyed in Tests 10, 11, or 12 in the middle of
the test program,

This precaution turned out to be extremely worthwhile since the
model was seriously damaged during the running of Test No, 10, Through-
out the testing program the model was subjected to rather mild excita-~
tions which produced fin tip lateral motions of the order of magnitude
of plus or minus two inches. While conducting Test 10, which was run
after the completion of Tests 1 through 9 and 13 through 32, a tunnel
speed was reached at which the model appeared to be completely stable
when excited in the usual manner, With essentially no change in tunnel
speed, it was arbitrarily decided to subject the model to a somewhat
more violent excitation., Immediately; catastrophic flutter was en-
countered which resulted in the destruction of the entire empennage
of the model as well as the safety system. The same type of safety
system which had been adequate for damping out the other cases of
flutter proved surprisingly inadequate for the type of flutter en-
countered in this test, The remaining two tests; which were also
configurations involving the stabilizer equivalent weights; were
postponed and performed later,

A spare fin and stabilizer were available to run additional tests.

These additional tests would have the purpose of trying to clarify
certain peculiarities that had been exhibited in the tests with the
unlocked rudder and also of trying to determine the significance of

the fact that the Test No, 10 flutter condition was a function of the
violence of the initial excitation, Accordingly, the spare stabilizer
and fin were installed and a minimum of instrumentation necessary to
identify flutter conditions was put into operating condition., The
Dynamics Branch, WADC personnel then contirmed with the testing program,.
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During the course of running other tests the Dynamics Branch re-
peated part of the test schedule with the simplified instrumentation,
for the purpose of checking the flutter speeds and flutter frequencies,
using more violent exclitations, In most instances a marked decrease in
flutter speed was obtained while the flutter frequency and phase rela-
tionships remained essentially unchanged. For purposes of correlation
with theoretical results, the flutter speeds and flutter frequencies
from the latter tests were used while the amplitude ratios and phase
relationships determined in the original tests were used whenever
available,

B, Experimental Results

The yawing moment of inertia of the stabilizer about a line through
the stabilizer center of gravity is approximately L.5 times the total
moment of inertia of the fin-rudder assembly about the fin elastic axis,
(Table I-1)

Foare and aft movements of this relatively large mass and inertia
over a range of L0% of the fin chord (aft of the fin elastic axis) would
normally be expected to alter the flutter characteristics of the model
radically. The following tabulated results are obtained from Figures
2 and 5 for the configurations having the stabilizer located at the
fin tip.

Fuselage Stabilizer C.G. Fore & Aft Location
Item Configuration (Per Cent Fin Chord Aft of E.A.).
8 28 48
/B, Wy [(V/B.wy )g Locked 1,000 1,03k 0,980
V/B Wy [ (VB Wy )g Free 1,000 1.042 1.0L0
v/(V)g Free 1,000 1.000 «923

These experimental results show that the critical V/B Wy varied a
maximim of only S.4% while the stabilizer was moved all the way from 8% to
i8% of the fin chord aft of the fin elastic axis.
that V, critical flutter speed, varied a maximum of 12.9% while the stabi-
1lizer position was changed from 8.0% to 48% of the fin chord aft of the fin
elastic axis, In both the fuselage locked and fuselage free condition, V
remains essentially unchanged with the stabilizer cenmter of gravity 8% and
28% of the fin chord aft of the fin elastic axis; in moving the stabilizer
from 28% to h8% of the fin chord aft of the fin elastic axis, however, V
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is reduced by 12,9% of the forward location value with the fuselage

locked and by 7.7% with the fuselage free, Although the reduction in

V is not as great as might be expected for this large chordwise movement
of the stabilizer aft of the fin elastic axis, the results show that, for a
fin having fixed torsion and bending stiffnesses, aft movements (aft of the
fin elastic axis) of the stabilizer are accompanied by progressively lower
flutter speeds, These results reflect the effect of changing fin bending
to fin torsion frequengy ratio since the fin bending frequency remained
practically constant for chordwise stabilizer movements while the fin
torsion frequency changed appreciably. However, since this ratio changes
only about 11Z for the L4OZ change in stabilizer movement, it is believed
the frequency ratio effect is of a secondary nature (the theoretical re-
sults plotted in Figures 20, 22 and 26 confirm this belief),

These results also show that -thether the fuselage is free to bend and
twist or locked relatively rigidly .nakes no significant difference on the
critical V/B. Wy as the stabilizer is moved fore and aft between 8% and
18% of the fin tip chord aft of the elastic axis. The theoretical results
of Figure 2 indicate the same insensitiveness of V/Br &y to large changes
in stabilizer location.

Considering the cases involving the stabilizer at the 58% fin span
locations, Figures 2 and 5 yield the followings

Fuselage Stabilizer C.G. Fore & Aft Location
Ttem Configuration (Per Cent Pin Chord Aft of E.A.)
8 28 48
/B, Wy / (V/B 0y )g | TLocked 1,000 04925 04895
v/(V)g Locked 1,000 0.875 0,760
V/B Wr /[ (V/B Wy )5 | Free 1,000 0,991 1,035
v/(V)g Free 1,000 0,938 04885

Here, a decrease of 10,5% in the critical V/B_w r is experienced as
the stabilizer is moved from forward to aft positigns with the fuselage
locked, When the fuselage is freed, however, the effect is again insig-
nificanty V/B.«)y varying through the range of mimus about 1% to plus
3.5%. In view of the foregoing, it appears that from the standpoint of
V/Br Wy , it makes little difference where the stabilizer is located
chordwise, in the range of from 8% to 48Z of the fin chord aft of the fin
elastic axis, For a fin of fixed torsion and bending stiffnesses such as
these results representy; as much as a 244 decrease in critical flutter
speed, V, is experienced in moving the stabilizer center of gravity from
8% to LB% of the fin chard aft of the fin elastic axis., The decrease in V
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with aft movement of the stabilizer when the stabilizer is at the 58%

fin span location is approximately two times as much as when the stabilizer
is at the 100% fin span location. This is indicative of the reduced aero=-
dynamic damping effect of the stabilizer when located at the inboard loca-
tion,

Replacing the stabilizér with the stabilizer equivalent weights, which
removed the effect of stabilizer aerodynamic damping from the system, the
following effects are noted from Figures 8 and 11:

Fuselage Weight C.G. Fore & Aft Location
Ttem Configuration | (Per Cent of Fin Chord Aft of E.A,)
8 28 L8
v/8.@Wr [(V/B, Wy g | Locked 1,000 1.090 1.213
v/ (V) 8 Locked 1,000 1,050 1,080
V/B Wy [(V/B Wy )g | Free 1.000 04901 1.071
v/(v)8 Free 1,000 0.869 0,95k

An increase of approximately 21% in the critical V/Bra)y (with locked

fuselage) results from aft stabilizer equivalent weight movement, the vari-
ation being nearly linear with fore and aft position, When the fuselage is
free, a quite different situation results in which V/B <Oy decreases approx-
imately 10% in going from the L8% to the 68% fin chord locations and then
increases 17% between the 68% and 88% fin chord locations. Apparently,

the aritical location is somewhere in the vicinity of the 68% fin chord

(282 aft of elastic axis).

The effect of fin spanwise location of the stabilizer on V/Bra), and
critical flutter speed, V, (Fig.2) can best be demonstrated by the following
table:

Stabilizer Chordwise Stabilizer Spanwise Location
Ttem Location (per cent fin (per cent fin span)
chord aft of fin EA)
100 58

v/B Wy [(V/B Oy )y, 8 1,000 0.865
V/(W)100 8 1,000 1.3k0
U)h/’a),/(wh/a)r D100 8 1,000 0.885
V/B.Wy [(V/B.Dr )09 28 1,000 0477k
v/(M100 28 1.000 1.176
Whn/wy [ @nfewy D100 28 1,000 0,902
V/B.wy [/ (V/B,Dr )y09 L8 1.000 0.791
Dwwy [ Wh/wy )i50 L8 1.000 0.940
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These values indicate an appreciable decrease in critical V/B &)y in
moving the stabilizer from the fin tip to the 58% span., In aﬁdition, a
decrease in fin bending-torsion frequency ratio also was experienced.
Using the 68% fin chord (28% aft of fin EA) location as an example and
asswng.ng the following curve shapes in the vicinity of a frequency ratio
of 0.0,

v/B ry 100% Span
(V/Br@ 7 )100

1,004+ =

A

] Decrease in V/B wy
, COTTESPONAInE to

oTTht | constant frequency ratio
Actual decreasé
inVB.wr | |
|| 58% Span
||
| I
||
I ‘

0902" loOOO wh/ﬂ)y/ (a)h/a)x)loo

it becomes apparent that had the fin bending and torsion frequencies re-
mained constant, the decrease in critical V/B. @y would have been even

greater as the stabilizer moved inboard. This case is typical of the
other two chordwise locations with locked fuselage and of all chordwise
locations with a free fuselage,

Therefore;, for constant fin bending and fin torsion frequencies,
the test results show that the 58% fin span is a more critical stabilizer
location than the fin tip for the chordwise positions considered in this
report,

If the values of the table are discussed in terms of a fin having
fixed torsion and bending stiffnesses, the critical flutter speed, V,
becomes the basis for comparison. For a fin of fixed torsion and
bending stiffnesses, V increases as much as 34% when the stabilizer is
moved from the fin tip to the 58% fin span location. This maximum in-
crease is with the stabilizer in its most forward location (8% of the
fin chord aft of the fin elastic axis), In the other two available
stabilizer chordwise locations on the fin, approximately a 17% in-
crease in V is realized in moving the stabilizer from the fin tip to
the 58% f£in span location,
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The graphical results contained in Figures 13 and 1l show no
appreciable change in either V/B,w or V/B,@r with stabilizer
rocking frequency for any of the fin tip chordwise stabilizer posi-
tions,

Unlocking the fuselage results generally in a decreased critical
V/B.@y as evidenced by Figures 2 and 5, and the table below,

Stabilizer | Stabilizer Fuselage Configuration
Ttem Spanwise Chordwise :
Location Location Locked Free
(4 Fin Span) | (% Chord
Aft of FA)

/By / (V/Br@r Vioexea | 100 8 1,000 0,941
V/Brw:/ (/B eor ) oa| 100 28 1,000 0950
v/B Wr / (V/B0r )yo0ked 100 18 1,000 1,000
/8,1 [ (V/B.Wr poccea | 58 8 1,000 0.872
V/Brw] / (V/Brwy )Locke d 58 28 1,000 0,935
V/B L1 [ (V/B W¥ )1 eq 58 L8 1,000 1,009

The fuselage stiffness appears to be of most importance when the stabilizer
is located forward on the fin, As the stabilizer moves aft, the effect of

fuselage stiffness on V/B_ &y becomes insignificant,

With the stabilizer equivalent weights on the model, the fuselage stiff-
ness effect on the critical V/Br @y appears to be more pronounced with the
weights 28% aft of the elastic axis and decreasing with movement in either
direction (Fig. 8 and 11),

Weight Weight Fuselage Configuration
Spanwise Chordwise
Item Location Location Locked Free
(#Fin9pan) | (% Chard
Aft of EA)
v/B oy / (VBDr )ioorea| 190 8 1,000 1.040
v/ wr /(B @wr ) | 100 28 1.000 04860
V/B o), v, w
/B y / (V/B D8 )oaea| 200 L8 1.000 0,918
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For the most forward weight location freeing the fuselage actually
increases the critical V/B.Wy by L%,

Even though the rudder was mass balanced by elements, a considerable
decrease in flutter speed was obtained when the rudder was unlockeds The
results of Tests 1 and 2, Table 5, show the flutter speed decreasing from
205 mph to 117 mph as a result of going from a locked rudder to a rudder
rotational frequency of 100 c¢pme The rudder dynamic balance with respect
to both fin bending and fin torsion was considerably improved by the addi-
tion of weights to the rudder, but this change did not result in an appre-
ciable increase in the rudder flutter speed, A chord extension at the
rudder trailing edge eliminated the rudder flutter, even though the rudder
was appreciably dynamically unbalanced, indicating that this type of
flutter was possibly being caused by a high degree of rudder aerodynamic
balance, In this final extended chord condition the bending-torsion
flutter speed was higher than for the locked rudder condition,

The same low rudder flutter speed was experienced with the other
stabilizer locations at the fin tip, However, when the stabilizer was
moved to the fin 58% span this rudder flutter mode disappeared and un-
locking the rudder resulted, in general, in an increased fin bending-
torsion flutter speed,

Ce Theoretical Results

A comparison of the velocity-damping curves in Figures 16 and 17,
which are for the cases irvolving the stabilizer and the stabilizer
equivalent weights, respectively, at the fin tip 68% chord position,
shows the aerodynamic damping effect of the stabilizer, The negative
slope of the theoretical 9 vs, V/Bra) r curve for the stabilizer equie
valent weights.case tends to emphasize the catastrophic nature of the
flutter which was experienced with this configuration., The large de=
gree of aerodynamic damping which was present with the stabilizer
attached was reflected throighout in the flatness of the approximate
9 = V curves plotted during the tests, This is borne out by relative
flatness (compared to the equivalent weights case) of the 9 vs,
V/Br“)l curves of Figures 15, 16, and 18,

The degree of correlation obtained between theoretical and experi-
mental result:s is considered satisfactory in view of the lack of aspect
ratio corrections and the complexity of the model. Before conducting the
flutter analysis for each configuration; the stability determinant was
solved for zero V/Bra) in order to check the zero airspeed coupled modes;
in each case satisfactory checks were obtained. On the basis of this, it
is beldieved that the type of analysis described in this report is valid
for predicting the flutter characteristics of a T-tail, but that the
accuracy could be improved by incorporating aspect ratio correctionse
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The extreme insensitiveness of the results to radical changes of
stabilizer location on the fin are attributed to the aerodynamic damping
of the stabilizer and its large mass moment of inertia about the fin
elastic axis,

Although theoretical analyses were conducted of too few configurations
to permit firm general statements, the data indicate that the theoretical
accuracy may range from about 20% conservative to about 20% unconservative.
The best agreement between theory and experiment was obtained for the equi-
valent weight configuration where an excellent correlation was realized
between test and calculated values of the nondimensional varameters, V/Brco
(0:1%8) 5 V/Bpr (Lo5%), and w/edy (L.L%), (Table 7)3 the calculated
values being lower than the test values for each of the three parameters.
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IV, CONCLUSIONS AND RECOMMENDATIONS

Ko Conclusions

On the basis of the results presented hereiny the following con-
clusions are drawn:

1,

26

30

Lo

56

WADC TR

If a constant fin bending~-torsion frequency ratio is
maintained the critical V/B Wy for T-Tails is rela-
tively independent of stabilizer fore and aft location
in the range of locations tested regardless of the
stabilizer spanwise location on the fin,

If constant or fixed fin torsion and bending stiffnesses

are maintained, the critical flutter velocity, V, for
T<tails decreases as much as 12,9% with the stabilizer
located at the fin tip, and as much as 2L,0% with the
stabilizer located at the 58% fin span as the stabilizer
center of gravity is moved from 8 to ;8% of the fin chord
aft of the fin elastic axis, The reduction in V is approxi-
mately two times as great with a very rigid fuselage (fuse=
lage locked) as with a fuselage which is relatively flexible
in side bending and torsion (fuselage free),

The fin 58% span is the more critical stabilizer spanwise
location by as much as 23% in critical V/Brco;' if constant
fin bending and fin torsion frequencies are maintained,

If constant or fixed fin torsion and bending stiffnesses are
maintained, the critical flutter velocity, Vy, for T-tails

may be increased as mich as 34% by changing the location of
the stabilizer from the fin tip to the 58% fin span location.
This maximum increase was realized with the stabilizer center
of gravity at 8% of the fin chord aft of the fin elastic axis,
An approximate 17% increase in V was realized with the stabi-
lizer center of gravity located 28 and 48% of the fin chord
aft of the fin elastic axis,

Relative stiffness in roll of the stabilizer attachment to
the fin on this T=tail configuration has a negligible effect
on the critical V/B_ Wy over the wide range of stiffnesses
investigated in theSe tests,

Reducing the fuselage side bending and torsion stiffnesses
results generally in decreased critical V/Eraox values in
all instances except for the most rearward stabilizer lo=-
cation configurations tested where the effect was negligible,
Redu¢tions in critical V/B,y of as muich as 13% were experi-
enced,

52=162 0




To

Since the rudder on this model did not seem to function as
a normal rudder should, no conclusions can be drawn with
respect to the effect of the rudder on critical values of
VB Wy .

Conclusion No, 2 set forth in the original version of Reference 3,
which is a preliminary report on the wind turmel tests of the model des-
cribed herein, were somewhat prematurely drawn and should be disregarded.
A more thorough study of the experimental and theoretical results yielded
factors which were unforseen at the time of writing of the reference re-

porte

B, Recommendations

1,
2.

3.

Lo

50

T-tail fins should be as stiff in torsion as is possible,

When a T-tail configuration is contemplated in the design of
an airplane, a flutter analysis should be made to evaluate
the flutter margin of safety and to establish the optimum
stabilizer location.

Flutter model tests and/or flight flutter tests should be
undertaken to establish the critical flutter speed on any
given airplane having a T-tail, provided the flutter analysis
does not yield an ample margin of safety.

Further investigation should be made, if practical, to
determine why critical flutter is a function of the degree
of violence and duration of the initial excitation.

Flutter analyses which include aspect ratio corrections
should be made to see if better correlation could be
realized between experimental and theoretical results.
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APPENDIX I

DATA

Tables I=1 through I=3 and Figures I-=1 through I-7 constitute a
complete listing of basic data on the T-tail flutter model, As is noted
in these Figures and Tables, the majority of data were obtained experi-
mentally, The basic data of Tables I-l, and I-2 and Figures I-1 through
I-7 were used in evaluation of the numerical values of determinant ele-
ments summarized in Table I-3, Appendix IIT is the derivation of the
formulas for the .determinant elements,
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MODEL PARAMETERS

Geometric Characteristics Fige, 1I=5,1I-5a, II-8

Fuselage Characteristics (Items 1,2, & 3 do not include fin,
rudder or stabilizer).

1. Weight * 95 lbs,
26 Moment of inertia in yaw about verticgl
axis through flexure beam centerline 120,800 1b,=in,2

36 Moment of inertia in roll about fuselage 5
longitudinal axis ¥ 4,934 1b,~in,

ho Side bending frequency (stabilizer at fin
tip, 68% chord.) 172 cpm

Se FPorsion frequency (stabilizer at fin tip,
68% chord) 210 cpm

Fin, including Rudder; Characteristics

1o Section Properties * (Fig. I=1)
Section Weight X(a) Y(b) Iy,(c)
Boundaries
(X) (inches) Ib. In. Ine  Dbe=In.2

13050519055 6082 15,05 19,40 963,92
19.55=24,12 2,50 21,21 17,32 103,23
2L,12-29,10 2,28 26,80 1L.68 122,78
29010”36072' 9080 32028 1-;.3.0?6 336059
36072=’l‘1-o’40 2 018 39 016 13 031 87 002
bl.ho<blo6lh 1,73 L2,70 15,32 80,46
Lho6L<09,15 7,46 L7.,73 10,50 638,46

Total 32,77 23324

a, Fuselage centerline is station zero for
all spanwise (X) coordinates,

bo Fin leading edge is station zero for
all chordwise (Y} coordinates,

Co ICG is taken about an axis through the

section C,G. perpendicular to the stream
direction along the span,

Table I-1 - SUMMARY OF MOTEL PARAMETERS
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MOIEL PARAMETERS

Fin, including Rudder, Characteristics (cont'd)

2. Static unbalance about elastic axis® (Fig. I-2)

3. Moment of inertia about elastic axis¥*
(Fig. I-3)

4., Bending frequency
Stabilizer at fin tip (Table I-2)
L48% Chord
68% Chord
88Z Chord
Stabilizer at 58% fin span
L8%, 68% and 88% Chord

Equivalent weights at fin tip (Table I-2)
68% Chord

Se Torsional frequency
Stabilizer at fin tip (Table I-2)
L48% Chord
684 Chord
88% Chord
Stabilizer at 58% fin span
L8% Chord
68% Chord
884 Chord

Equivalent weights at fin tip
L8% Chord
68% Chord
88% Chord

6, Elastic Axis

Rudder

1. Section Properties *

Section Weight X(a) Y(b)
Boundaries

(X) inches Ib. In, In,

14.80~-19.55 96k 15.23 2.35
19,55-2L4.12 .31k 22,10 2.38
24,12~29.,10 255 26,70 2,58
29,10-36,.72 428 33.50 2,84
36,72-41.40 339 39.40 3,00

Total 2,300

33 078 lb o‘ino
1900.00 1b,.~in,

18l cpm
184 cpm
161 cpm

252 cpm

211 cpm

302 cpm
290 cpm
268 cpm

L66 cpm
L4hO cpm
397 cpm

353 cpm
339 cpm
313 cpm

L4oZ Chord

Table I-1 -~ (continued)
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MOIEL. PARAMETERS

Rudder (cont'd)

2,
3.
ko

Stabilizer

2,

3o

L.
50

a, Fuselage center lire is station zero for
all spanwise (X) coordinates,

b, Rudder leading edge is station zero for
all chordwise (Y) coordinates,

Static unbalance about hinge line%
Moment of inertia about hinge line*

Frequency

Section Properties *

Section Weight X (a) Y (b)

Boundaries

X)in, Ib, In, In,
2,00-9.1 L.4386 3.75 11.8
9 ol"ls oo ° 7mll 110’47 8 05
15,0-23,1 1,197 18,20 7.0
23 01-33 ol 09955 27 om 7 o3

33,1-40.8 1.65LL 36.15 7.58

Total 8.,9901 per side
18.0 both sides

ao Fin Chord line is statiomn zero for all
spanwise (X) coordinates,

b, Stabilizer leading edge is station zero
for all chordwise (Y) coordinates.

Total yawing moment of inertia about stabilizer C.G.*¥

Total rolling moment of inertia about stabilizer
center line*

Symmetrical bending frequency®

Rocking frequency
Locked
o5 Wy fitting®
50wy fitting¥

-0.69 1b.in,
12,6 1b.in.2

Variable

8,596 1b.in .2

7,054 1b,in,2
452 cpm

High
21, cpm
138 cpm

Table I-1 -. (continued)
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MOTEL PARAMETERS

Stabilizer (cont'd)

6e Center of Gravity* (Aft of leading edge
root chord)

Te Elastic axis

Stabilizer Equivalent Weights

1. Weight (Total)

2. Yawing moment of inertia about the center of
gravity of the system on the fin center line
(total)

# Experimentally determined. All other values were
calculated, Frequencies are uncoupled,

75 05% Root
Chord

ho € Chord

18,38 1o,

7,592 1b,

Table I-1 - (concluded)
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NOTE ¢
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NOTE ¢
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APPENDIX II

MODEL DESCRIPTION

ls Model Structure

(A1l model components were designed to have ample margins of safety
at a maximum tunnel speed of 250 mph and stabilizer tip amplitudes of *+ 2,0
inches fore or aft, laterally or vertically,)

a, Fuselage:

Figure II-l is a photograph of the completed assembled T=tail
flutter model, The forward or nose section of the model consisted
of a tubular steel frame covered with a combination wood nose and

| plywood surface; the surface being connected to the frame by means
of plywood bulkheads, The frame was provided with three attachment
points for the support structure,

The fuselage tail cone was connected to the nose section by
means of an I beam which was designed to provide the required fuselage
side bending and fuselage torsional stiffnesses and yet be relatively
rigid in vertical bending, The tail cone was made up of a tubular
steel frame; which carried a plywood and doped fabric fairing sup-
ported by a stringer-bulkhead framework, Steel plates were bolted
to the tubular steel frame to obtain required mass properties,

Figure II-2 shows the, partially uncovered tail cone section in

which the frame, weights, plywood bulkheads, stringers and the

partial plywood cover can be seen, Both nose and tail sections
were bolted to the ends of the flexure (I) beam,

Means were provided for locking together the nose and tail
sections in order to eliminate the two fuselage degrees of freedom,
The side bending locks consisted of two heavy steel straps lying
in a horizontal plane containing the flexure beam centerline and
spaced outboard from the centerline approximately + 3,6 inches,
The bolt holes in the straps were located so that the straps were
preloaded when attached to the nose and tail frames with tapered
bolts ., The torsion lock consisted of tubular frames extending
from each end of the flexure beam and sloping upward on top and
downward on the bottom toward the center of the beam, Attach-
ments were provided for bolting together the forward and aft
frames to effectively prevent twist occurring in the beam, The
forward portion of the bending and torsion locks and the flexure
beam can be seen in Figure II-3,
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Figure II=l is a photograph of the fin spar with rib clips
and stabilizer rocking fittings attached, The fin was of single
spar construction, the spar being made up of two main steel tubes
and two stiffener tubes connected by a scalloped steel shear web,
The stiffener tubes were located in the center of the spar and
were intended to provide bending stiffness only. All parts of the
.spar assembly were silver soldered or brazed together to minimize
structural damping,

Rocking fittings for the stabilizer were provided at the
fin tip and at 58% of the fin span, Each of these fittings con=-
sisted of two steel tubes with the longitudinal axes parallel to
the stabilizer chord plane, One tube was silver soldered to the
fin spar while the other was free to move, Silver soldered to the
latter were small tubes to provide for attaching the stabilizer at
the three different chordwise locations, The fixed and the moving
tubes were connected with two sets of crossed leaf springs located
at each end of the fitting and thereby providing considerable re-
sistance to yawing or pitching of the stabilizer, In order to ob-
tain greater rocking stiffness an additional set of springs could
be installed in the center of the fitting, The tubes also could be
locked together at each end with screws to prevent any appreciable
relative motion between the stabilizer root and the fin,

In order that alterations in the fin torsional stiffness
could be made without appreciably changing the bending stiffness,
a torsionally stiff tube with longitudinal axis perpendicular to
the axis of the spar was silver soldered to the fin main spar tubes
about ten inches from the fin root, The tube was cut at its length-
wise center and provided with bolt attachments so that it could
be locked or unlocked, A second means of stiffness alteration
was incorporated in the fixed tube part of the 58% span rocking
fitting, These tubes and the locking mechanisms are visible in
Figure II-L, The tubes remained locked throughout the test
program since it was found to be unnecessary to use this adjust-
ment ,

The spar tubes extended through the root fitting, which
provided a means for attaching the fin to the aft fuselage
frame, and were welded on the inboard side and silver soldered
on the outboard side, SAE L4130 steel was used throughout the
spar and fitting structure,
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Aluminum alloy channel main ribs and support ribs were
riveted to the spar rib clips which were in turn brazed to the
main spar tubes, The leading and trailing edges were formed
of aluminum alloy sheet and cut into segments so as to offer no
appreciable torsional stiffness, The spar and rib structure
was covered with nylon net which was impregnated with Goodyear
Chemigum Latex 10lA, The nylon was stretched on and sewed with
the threads running parallel to the elastic axis and parallel
to the ribs, The latex was then painted on in several coats
until the cover was sealed. The orientation of the threads
served to minimize the effect of the cover on the fin torsional
stiffness, No serious ballooming difficulties were encountered
with this type of covering at wind velocities up to 250 mph,
Zippers were installed at various points to provide access to
the internal structure and to the instrumentation,

The elastic axis was located at 40% fin chord and had a
28,37* sweepback, Details of the geometry are included in
Figure II-5,

Co, Stabilizer:

The stabilizer structure shown in Figure II-7 was quite
similar to that of the fin, The spar was made up of two steel
tubes connected by a steel sheet web, To prevent warping of the
thin sheet due to heat; clips were silvered soldered to the tubes
so that alternate clips would be on the same side of the web, The
web was then inserted and riveted in place to the clips, All spar
components were of SAE 4130 steel, Ribs, leading edge, and trail-
ling edge channels were of aluminum alloy, The leading edge con-
tour, not shown in Figure II-7, was formed of alumimum alloy sheet
and riveted to the leading edge channel, Ballast weights necessar;
to bring the stabilizer up to the specified weight, balance and
inertia condition, and consisting of lead slugs,were bolted into
place in the root box assembly.

The stabilizer was bolted to the fin with four bolts
through the root box, The spar and rib structure was covered
with latex impregnated nylon net in the same manner as the fin,
Zippers were installed to provide access to the instrumentation
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Fig. II-7 Uncovered Stabilizer
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and to the rnot attachment bolts, Figure II-8 is a drawing
showing the stabilizer dimensions,

Stabilizer equivalent weights which simulated the stabi-
lizer weight and yawing moment of inertia were constructed of
two 2-inch O, D, steel tubes with lead inserts at either end,
Figure II=6 is a photograph of the weights in place on the
model,

d, Rudder

The rudder was of mahogany plywood construction and was
attached at each end to the fin with flexure hinges, One
of the hinge platforms is visible in Figure II-9 which is
a photograph of the assembled rudder., Additional variable
rotational stiffness was provided by means of a torsion
spring connecting the rudder root tube to the fuselage
frame, The dimensions of the rudder are shown in Figure
II"‘So

2, Instrumentation

Eight William Miller Type LO2C accelerometers located as shown in
Figures II-5 and II-8 were used with amplifier double integration circuits
to measure displacements, In addition, four strain gage installations,
with locations as shown in Figure II-5, were used to measure fuselage side
bending, fuselage torsion, stabilizer rocking and rudder rotation,

Recording equipment consisted of the following:

a, Three units of four channels each, Type CD=2 Amplifiers
and Power Supply (William Miller),

b, One Model W, 16 channel Oscillograph equipped with 180 cps
high sensitivity galvanometers (William Miller),

This equipment is shown in Figure II-l,
Al]l accelerometers located in the fin were oriented so as to be sen-
sitive to lateral motion, Three of the stabilizer accelerometers were

sensitive to vertical motion and one to fore and aft motion, Table II-1
identifies each pickup by the type, location, and channel number,
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Location and Direction

No. Type No, No, No,
1 Ref,
1 Accel, Right Hand Stab, 1 1 2
Tip Trailing Edge
Fore and Aft
2 Accel, Right Hand Stab, 2 2 3
Tip Leading Edge
Vertical
3 Accel, Right Hand Stab, 3 3 L
Mid-Span Leading
Edge-Vertical
L Accel, Left Hand Stab, L L 4
Tip leading Edge
Vertical
6 Refo
5 Accel, Fin Tip Leading 5 5 7
Edge Lateral
6 Accel, Fin Mid-Span Leading 6 6 8
Edge Lateral
7 Accel, Fin Mid-Span Trailing 7 7 9
Edge Lateral
8 Accel, Fin Tip Trailing 8 8 10
Edge Lateral
11 Refo
9 Strain Stabilizer Rocking 9 9 1z
Gage Fitting
10 Strain Rudder Hinge Line 10 10 13
Gage Rudder Rotation
11 Strain Flexure Beam Fuselage 1 11 14
Gage Side Bending
12 Strain Flexure Beam Fuselage 12 12 15
Gage Torsion
16 Hefo

WADC TR 52-162

Table II-1 - Pickup and Channel Identification
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Each strain gage installation consisted of four SR-L, Type A-7
strain gages wired to form a Wheatstone bridge. Figure II-10 shows the
manner in which the gages were located on the stabilizer flexure springs
and is typical also of the rudder spring installation. Two sets of gages
were installed on the vertical edges of the fuselage flexure I-beam flanges,
One set was wired so as to be sensitive to side bending of the fuselage
while the other set was wired to be torsion sensitive., Portions of the
fuselage gage installations are visible in the center of Figure II-3,

Figures II-11 through II-lL are typical static calibration curves
for the strain gage installations, Figure II-15 is a typical accelerometer
response curve, The phase response of the accelerometers is shown in Fig-
ure II-16 as a plot of strain gage signal phase lag relative to accelero-
meter signal,

3o Exciting System

Excitation of the model was accomplished by means of a compressed
air vibrator installed within the model itself. A supply of compressed
-air was supplied to a rotary air valve, located in the nose section of
the fuselage, just forward of the flexure beam, through a solenocid valve,
The solenoid valve was actuated by a toggle switch on the control panel.
The rotary air valve was driven by a small variable speed electric motor
which was comtrolled by a Variac on the control panel., A Kollsman Air-
craft Tachometer was also located on the control panel and connected
electrically to the tachometer generator which was driven through a
short flexible shaft by the rotary air valve motor. The rotary air
valve produced two alternate pulses of air per cycle to the model,

These pulses were delivered to the tips of the stabilizer through two

air tubes running from the rotary valve to the stabilizer, At the center
of the stabilizer each tube was divided into two tubes by a Y connection
and routed to opposite stabilizer tips: one to the stabilizer upper sur-
face and one to the lower surface, By this means it was possible to

excite the model by ejecting the pulses of air upward and downward from

the four air tubes at the stabilizer tips, By different arrangements of
the tubes at the Y connections it was possible to obtain either symmetrical
or unsymmetrical excitation,

Figure I1I-17 is a schematic diagram of the exciting system, The
variable speed motor, rotary air valve, and solenoid air valve, can be
seen in Figure II-3, The control panel is visible in Figure II-1,

Means were also provided for exciting the model by hand. This con-

sisted merely of a wire attached near the leading edge or trailing edge
of the fin tip and extending through the tunnel wall,
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L, Safety System

The safety system used for curbing the motion of the model when
divergent flutter was incurred consisted of a spring-loaded; electri-
cally operated piano wire rigging which, when released, introduced damping
into the vibrating system by bringing a rough rubbing surface in contact
with the stabilizer tips. The stops were held in the off position by
electromagnets in the two cocking mechanisms located on either side of
the tunnel, The system was triggered by a switch on the control panel
but had to be cocked by hand from outside the walls of the tunnel,

A portion of the system is shown in Figure II-18 for the fin tip
stabilizer location and inFigure II-19 for a 58% fin span stabilizer
location, The cocking mechanisms are visible in the lower part of Figure
II1-18, Figure II-20 is a photograph of a cocking mechanism showing the
spring, transformer for the electromagnet; cocking cable and the rigging
wire, Tension on the cocking cable, which is shown going through the
tunnel wall, rotated the pulley which simultaneously loaded the spring,
withdrew the rubbing surfaces; and engaged a holding bar with the electro-
magnet, The system was released or actuated by breaking the circuit which
included the electromagnet,

A somewhat similar method was employed for configurations involving
the stabilizer equivalent weights. The rubbing surface was applied in
a horizontal plane to the top surface of the weights, This configuration
can be seen in Figure II-21.

5. Model Support Structure

The model was supported from the tunnel wall by a framework made
up of eight struts., The struts were 5,25 in, X 2,50 in., 12-gage stream-
line tubing which was formed on a press brake from SAE 1020 steel sheet,
The assembled structure can be seen in Figures II-18 and II-21,
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Model and Safety System, Stabilizer at Fin Tip .
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Model and Safety System, Stabilizer at 58% Fin Span

Figo, II-19
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APPENDIX IIX

1. CENFRAL DERTVATION OF DETERMINANT FIEMENTS

The following positive directions have been assumeds

Fin torsion &
rudder rotation

I
_/

Stabilizer translation

Looking Down

JFuselage torsion

\
L > — ,\
- Stabilizer rocking

Looking Upstream

The various degrees of freedom are described by the following generalized coordi-
nates:

Qg == fin bending along the elastic axis
Q- == fin torsion about the elastic axis
Q3 -~ stabilizer rocking

qj, - fuselage side bending

Qg == fuselage torsion
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Trace of Fin E.A,

1

, Bs (b+a)cos AgsinAg

4.
Stabilizer

Figo, III-1 Fin and Stabilizer Nomenclature
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2, AERODYNAMIC PARTS:
{a) Fin Berding and Torsion

Considering first the aerodynamic terms for fin bending and fin torsion and
referring to Figure IIT=1

(%I-fﬁp = (B: hV4F L'\ + B:“F L«)‘"’sz
(%M#)Fz (Br o My + Boce Mo Yo w® a a-d)
[het) = (B2 ho, L+ Blocs Lo pw?

%%Y’)s:( Bs hey sMp+ BdacsM, ) row?

The bending defleotion at Py = q; h and the torsional deflection at Py =
qz)' » The components of stabilizer motion due to fin motion will be:

h .
Stabilizer yaw = ¥ CosA.+ (f;;)L sinA¢

Stabiliger roll = —)’,_sin.A.,&(ﬁ)posJ\.F (2 a-x)
If
V=-5q.sinA; +(§-_¢’,'-F)Lcos Agq, (3)

the vertical deflection of the stabilizer due to roll at Ps is
VsgcosAg

and the torsional deflection of the stabilizer due to roll at Pg is
-V sin/;

or,

h
vertical deflection at Ps"-" CI|(§'§'F)L SSCOS.A.S COSJLF

= Qo %, SscosAgsin A, (L a)
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and
~ = inA,sinAs-q,@L), cosAs sinA
torsional deflection at Fy=q, ¥ SinApsinAs-q, (35, COSAeSiNA; (L D)
since Bcos A€ b
(hey ), = qh - Be (4+a)q. w cos A,
dh Y _-
(hep) = q,(—g-;’s‘;),_ $sC05Ac0sNe=qo 2 sscosAssin A, (5 a-d)
. . h .
- B ('/z+a.)cos./ls[qzx,_smAFsmAs—q,(-gg;)LcosAFsm_A._.J
(o) =[ (-yi)c sAscosAr-q,¥ sinAgcosA ]sin_/\.
“)s= |9 \35; ) COS /s FT929 F s s
in Ay sinAs —q, (& AgsinAglcos A
+ qZ 4SInNegsin/ig q| ASF LCOS FSIN/L|COS s
=0
Thus (occ,a) s 1s zero as would be expected since 'l[/' has no component perpen—-
dicular to the stabilizer center line. It should be noted that "a" for the
stabilizer is measured from the pseudoelastic axis on the stabilizer which is

parallel to the stabilizer quarter chord line and passes through the fin elastic
axis trace,

By rewriting
(heg )s= q, {@g’;—)Lcos_A.F [SSCOSJL; +Bs(+a)cosA, sin./ls:l}

’ (6)
- g {XLsin_/LF [ss cosAs+B; (a¥a)cosAs sin_/l_s]}

and letting

(Bay)s = sscosAs+Bs(ata)cosAgsinAs (7)

which is the perpendicular distance from the stabilizer center line to the pointQ P
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(5, = wow{q [BEnLy+ B2(F)sinA, Lo
+G, [-Bf (4+a)vcos A Ly, + Bevcos A L ,‘]}
(%h%%):: '”sz{% [B2hM, + B (8&)sinA, M]
+Q.[-Bf (%+a)rcos AeMy+BE ycosAe M.‘]} (8 a=a)
(2529, = mowt{ B[ q, ($ ).cos Ar (Bry)s- gert sinAe(Brr);]Ls
+B2(0) L“}
= wouw*{q[B2 (Bry)s(f2 ).cos e L]
~ o [BS* (BAy)s 5.sinAr L]
(4%2). = wew{B2 [q, () cos (Bry)s - v, Sin s (Bay)] M}
= rpw{q [B (). cos, (Bays Ml g, Blnsind (Bay)s M]}

The virtual work can be expressed as:
LecosAg

sW, = 3g, {fh(%z*),:d.z-v-sm.AJ (4 )(dM), da
Lscos A
dles
- eoshe isfossj.:r)s B, d“-} (9 2t
and
LecosAg LecasAe
EW, = Sqa{f- Br (% +a)rcos A (‘“‘% dx+ cosjtf F(‘m‘/‘) o«
LscosAs
~sinAy [ (Baop), . (Y52), ds }
“LscosAg

Substituting the 1lift and moment expressions into the virtual work equations
and rearranging,
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LecosAe

Q= %lql'f = mpw’q, {L [BS W Ly+BE (sa-shr) hsinAy (LatM,)
+BRL) sintA, M, ]dx

353-

L sCOS S 2

2 2 (dh

+j Bs (Bx+)s (E)LCOSZ'A'F Ly, olx}
~Lscos s
Lr cosAp

+ Towa, { [Bhrcoshy {Lu-(hralln}
+ B: (3%";) ycosA;sinA¢ {M.,—(‘/rra.)M.J] dx

LscosAs
=,st2' (Bﬁ-r): (%;)LCOSAF XL Si”.A.p Lh d1}
~lgcosig
(10 a-b)
LecosAf

Q= %{2 wowq, {L [Bhwcoshe {M,- (4+a)Ly}
+B} ({%;) ¥cosA,sinAp{M - (hta)l. ]d.?(

LgCosAs 2 12k
- B: (Bﬂ‘y‘)s (QSF)L CO.S.A.F Y‘_Sinﬁ.p Lh d“}
—L;CQS.A;
Lecoshr

+wpw’q, { £ Bt cos®A, x’[M.c-('/,,M)( L,+M,,)+(&+a)zL;|d1

LscoSAs .
+J BZ (Bay); 5 sin*A ¢ Ly, d.x}
ZLscoshg
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Stabilizer Rocking

If the stablilizer rocking degree of freedom is added:
Vertical deflection at R =4, (b se/L s cosA,cos /¢ =-q,,er5,cosJ.ssinAF
+9; VsscosAs (11 a-b
Torsional deflection at B =q, % sinApsinds-q, (}b-%),_casﬂ.; sinAs

—Qs VSiths

(hsg),= g (), 505 A cOsAF =, 5 5, cos s sindy +G, Vs coshs
~-Bs(4+a )cos A, E,xlsim{,,s inA.‘s -q, ( 3 s,)lcosAF sinA;-qJ}’sinA;I
=q, (%kCOSAFBS cosAs+ Bs(4+a)cosAys iruts]
Q2 ¥ sin Ag [55C05-A-s +Bs(4ta)cosAssind] (12 ab
+q: Y [sscosA,+Bs(hia)cosAssind s]
= [‘?- (a,sp) cosAg~qg. ¥y sind;+q; Y] (BAy)s
fesa)s= O
(472) = wew? { q[B2(Bry), (B).cos e L], [BE BrylsysincLy]

+q3[B< (Bay), '?I”Lh]} (13 a-b)
(459 = wrpw? {q.[B2(Bxy). (38).cos s Mi]-u[B2(B1y): nsmAFMh]
+ g [B Bry)s ¥M]}
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The virtual work expression in the q3 degree of freedom becomes

SW, -ngf(Bw) ’%"("LL"") da (1k)

-Lgcosds

§W, and & Wy remain as before except for the additional term due to the 1lift
and moment on the stabilizer caused by the additional degree of freedom,

For & Wjthe extra tem is:

Lscos_/i
Qh:g;%% = cosA I(B“r) )SF)L(a ) dx
LscosAs
=qsmowcos A IB (Bﬂw)z(}%?LVLhd“
Lscos
For JWrthe extra term is:
" LscosAs m
Qx=§s_qf ==sinAq) (BM )s % ( 9) dx e
Lscas-ﬂ.s
=-q; row 2sin A ]5 (B“w)s nVL,da
-Lgcos A
and
" LgcosAy
Qr=5q = ’rre“’zf{is[Bz(B“v)s 3hcos AV L]

=G [B2(Bay)t w sin AV Ly]

+q5[B? (Bay)i ¥ L,,_]} dx
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i) Fuselage Side Bending
Adding the fuselage side bending degree of freedom, Q)
Bending deflection at F2 z=qh +q4~¢(YR+SF5m-A‘F)

(16 a-b)
Torsional deflection at R = g, 7 +g, $ cos A,

Vertical and torsional deflection at Py remain as before,

(he )e=g,h +qu b (et SeSinAe ) -Be(4+a)cosAe (9.7 +9,pcos A)
(17 a-b)
(ocep)e = %—[q,h 194 (R + e SinAg )]sm_/’lF +(9,¥ +qudcoshy)cos A,

= q, (35“ ) sindg+ g,y cosAp +qu ¢
(hey)s and (6&/},), remain as before, |
(%—;")F = row® { Be [q.h +9, (Ve +sk sir;;A.F)-' Be (4 ta)cosA (g, +ggcos 11»33—&.
+ 82 [q, (f;‘-‘;) sinAy +q,vcos A, +§,,¢] La}
= rom? {q, iB,Zf hi,+ Bp (3‘%’;) sinAg L“]
(18 at

+-q2}B§ (f”/,ja,)a’cos./l,.F L+ B; xcoS.A.F Lx]

AN

+ Gy Bﬁgﬁ( Yet SpsinAp)l,-B; p(5+a)cosA, L).+B§¢ L.,c]}
(54), = rout {B2[qh +qu(Yet 5y 5ine)-B, (s+a)cos Arlgyrs qupcos eV,
+ B/ Lq, §o)SinAp+qurcos e + q4.¢]Moc}
=weu* {q, (B2 hM, + B4 (3E) sinAeM,]
+0,[-BE (5+a)r cos Ae My + BY rcos e Me]

+q4[B7 8 (Yersesin A )My-BAg (% +a)cas A My B4 M«]}
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5W’¢r will remain as before. 5 W;—, and 5 Mérwill remain as before except for the
additional terms due to the 1ift and moment on the fin produced by the q, degree

of freedom,

For 5M,the extra terms are:

» LFCOS.A.F Lf cosA Mos
Qu=5q = f h (45%). dx + sinAe J (32) (%—)Fd.'x
Lecos A
=g, Tow {f [B2he (Ye+ Sesinde)ly- BFh¢( a)cosAe L+ B hoL ]dx
Le cas.ﬁ.;

+sind f B ¢( (YetSesinAe)My- BF¢(§-‘)(/7.+a)cos’:/1 My,
+B*¢(35F)M ]dq}

Lpcosde

=q4¢rpwf{BFh¢(\§+stm/LF)L,,+B he[Lo-(4+a)cos*A, L, ]
+B24( Qé‘-)(Y,z+stinAF)51nAFMh (19 &)
+ B, ¢(yh)5mJlF[M a)cos*NeM ;;I}

For 5W<ythe extra terms are:
LgcosAg LpcosAg
Qy= %‘%‘I—BF( +a.)xcos_/1_g(-ar—*) dx +cos./LFfY (%) dx
LFCOS.A.F
=g, pw { f [—B x¢( +a)(Ye+SesinAr)cos A L;,'

+B"x¢>(6,+a)cosf/1 Ly~ B*x¢(%+a)ca5,/1,,- K]d'x

igcosdy !‘

+cosAFf[Bfa'¢(Y+stm.A M, — Bl rg(4+a)cos A M,
+BF¥¢M¢]d9(] (19 v)
LFOOS.A.r

=q,rpwcosAr f {BFM) (Yot sesinA ) My-(4+a)Ly]
+BRygl{M. - )L}
—(%+a)cos*Ae{M,- (4 +a)L.,}]}
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The virtual work in the qh degree of freedom can be expressed as:
LpcosAg

SWj = Sq, { jo' ¢ [ (+sesinA,)-Be(4+ a-)cosf/lr:l(%r?’ )F dx (20)

LpcosAg

+‘L’ ¢('d£xgﬂr dx

Substituting the lift and moment expressions and combining terms:
Le COSAp

Qe = s%,yf =q.?f9w‘fo {B# hg (e +sesinAg) Ly,
+ B2 (32 (Y spsinALp)sinAr L
+ B2 hg [My-Cata)cosAeL,)
+Bt ¢ (%E;)sim, [My - ('/z+a-)co.s’:A.,,L,<]}d7( (21)
+ qz’rrpufcosA}J:l{.chg’Ayg (%t spSInAe) [Loe=(h+a)Ly ]
+Bf x¢[{M.¢' Cs+aM}- (4 +a)cos*Ap{L.c - (51a) L.,ﬂ} dx
+q,,1rpw‘fol{-%izsj;rz (Yot spsinde) Ly
+BPo* (et sesTnde)[(Lu+ M) -2 (s+a)cosheL,]

+ B:¢2[Mx—(’§,+a,)cos A, (L,‘+Mh)+(%+a,)2éosf/lf L;J} dx
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(d) Fuselage Torsion

Considering finally the fuselage torsion degree of freedom and ignoring the

stabilizer rocking degree of freedom since none of the analyses involved simul-
taneously stabilizer rocking and fuselage torsion:

Berding deflection at R= q:h +q4¢<YR+Sp SinAF)+q56 (XR+'5PC OS-A—F)

Torsional deflection at B= qzy+q4¢cos./1.,= -gs6s ing (22 2-d)

Vertical deflection at 3= q,(-g-sh;),_cos./t;sscosﬁ.s —c],,ar,_sirut,:sscos./?.5
+Qs6 55 cos A

Torsional deflection at E‘; qz .S in/LFsinJL §— CL (%)LCOS./LF sinAs

- qsesiﬂ_/t,s

(h%)r=q,h +q,,¢(ﬁ+5,sinAF)+q59(Xk+ SecOSAg)
=By (5+a)cosA (g, ¥+g,¢coshr-gs osinle)
CA g%;[q,h+q+¢ (Yetsesinde)+gs o (Xg+sscos ;)] sin
+9,¥cosh, +q,¢pcosAg -gs0 sinArcosA,
=g, (8)sinA, +q,¥c0s A+ (23 ad)
(hy)=q, ({-}F)Lcom,sscas_/t, ~q, ¥ sinA.sscos s +9.05,cosA ;s
-Bs (—ém)cos.ﬁ.s[q; ysind,gsinds-q, (—:—;';),_cos.ﬁ.g sinds
‘ -gsosin; |

('x%) 5o O
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The 1ift and moment expressions become:
(45%) = vpur{q BN Ly + B (3E)sinA, Lo
+q,[Bf ycosAp {L.~ (it a.)L;,}]

+,[Br@ (et sesinA )L, + Bep { L~ (%t #)cos*AeLi]

+qs[Bro (XetsecosAp)L, + B (4+a)osin A cosA, Lh]}

dMcs

('a"x' F=Tr9wz{qn :B: th"‘B: )%";)Sinir Moc]

Biscost M- Cira ]

+q,£B,?¢ (Yot sesinAeM, +’B,:' ¢ {Mo —(4 +a)cos*A, M;.}]

»

+q5[B:9(XR+ s.cosAe)M, + B (h+a)osinA cos A, M;J}
( 24 a=d)

(-%’x—%)s:wewz{ ql Bsz (%)LCOS-A-F (Bx'll/')s Lh

_qu: X‘_Sih_A.F (B'X’lp‘)s Lh

+qs Bio (Bxy), Ly}

(%.h‘l_%)sz' wqw"{c', 583 (%é;):. cosA F(B'x"ﬁ")s My

=g, B: v, sinAs (Bay). M,
+Qs B:G (B'XT)S Mh }
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Substituting the 1lift and moment expressions into the virtual work equations
and rearranging, the following additional terms are obtained by virtue of the

g degree of freedom:

For W/, the extra tems are:
LFCOS-A.F

Q=3 sw“ qs'rrpw"{f[B he (Xe+sqcosh, )L+ Bi(s+a)hesind, cos A, L,
+By 4)5F)9(Xk+s,,,cosA,=)5>:n_/1,,= M,

+ B (}+a)(3$,,)esm A, cosAg M;‘] o

Ls cos.l.s
Bs (‘H‘;)Lcos.:{,; e(qu), L, dy{}
-LscosAs

For SWr the extra terms are:
Lecoshg
Q,.—.%ﬂ: =q5'7rew"{f-B: (4+a)e(Xg+s.cosA)vcos ALy,
-—B: ('/zm)”e sindpycosihe Ly+ Bfe(Xﬁ secosAg)ycos A My,
+BE (4+a)osinArycos*Le M, | d2

LsCOS.A-s

BZ x sinAre(Bayp) Ly, d'x} (25 a=c)

lsCO&A
For JWd)the extra terms are:

LFCOS M

Qy= 'ﬁf = qsr,few‘{f[B 8 (Xe+Secoshe)p(Yetsesinde) L,
+B (4+a)esinAe gcos Ay (etsesinds)L,
B (4+0)6 (Xx+spcos A )pcosAe L,
B/ (4+afosinAr pcosA, L,
+B; po (Xg+S-cosAs )M,

+ B (4+a)po sinA cosAs M,,] d‘x}
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The virtual work in the ‘_lf degree of freedom can be expressed as:

Lgcos
§W,= 8q5{feF[(XR+chos_A. )+ B, (% +a)smAFcosA](§-al=°—‘Fdx
LscosAs
fL 0 (Cgsow)s (k=) 4 } (26)
cosA s

Substituting the 1lift expressions and combining terms:
LpcosAr

Qo= g—t’{gw@wzq,{ f [BZhe(Xg+s.cosA, )L, +B; ;’g";)sm.A,e(X,n,aowh)L
+B(4+a)he sinA,cosA. L+ Bit +aX-}L Josin® ,co.sAFL;]da
Ls co.s.ﬁ.s
; f B2 (32),cosAs0(Bay; L, dx |

SCOS 3

L,.cos.ﬁ..:
+1rpw"qz,{f[8 ycoshpo(Xetspcos A ) {Le-(4+a)lp}
+Bf (h+a)esinA, xcos%F{L - (4 +a.)L,.:|d'x

LsCO.S.A.i

+I—B ocLsmA o (Bxy)s Lhd%}

L co s.Lp

+rpw q;,f Bl o(Xrsccos A )p(Yrsesin )L,
+Bleg (X t+5ecos A, )[L,,<--('/z+a.)cosf/1F L.,] 27)
+B; 6p(Yet Spsinde)(4ta)sinAgcosAe L,
+87 of (5 +a)sinA;cosAe[Lo-4ta)cos™d, L;.]}dz
+Tow qs}{ [Ego;f(;(K+s,cosA;) n
+ 2B7 (5+a)6* (Xt S;cos Ay )sinAe cosAy Ly

+ B; ('4,1-@);6"5 inm’: COS‘-.AF Ll‘]dx
L,cos.ﬂ.s

+[BX o* (Bay L da}

-LSCOSJ. s
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Mechanical Parts:

The maximum kinetic energy of the system can be expressed in parts in
the following manner:

(a) Fuselage
Tus= % Lpn Gy p* +4 T, G 0" (28)
(b) Fin

Since the normal velocity of any point on the fin

=hg, + ¥y + (Ve +5,SInAr +1 COSAE)Gy +0(NgtsccosNpsind;) G, (29)

Le  be
T=4f fb [nG+5 G, +p (Rt spsinA e +rcosAe)d,

(30)
2
+6(Xg+spcosA,—rsinA;)gs (odrds,

Where J = mass per unit area
(c) Stabilizer
Yawing angular velocity = (%)LSM.A.FC‘,, + XLCOSAqu + ¢q4
Rolling angular velocity =(-,?-£‘F-)LCOSJ{FC',, -%SinAr g, + Vg3 +64s (31 a-c)
Translational velocity = h, q,+ @%’;)Lsini,,rc}, +%CosAprq,

+# (Y +r)q, + o X, 5]5
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2
T.=4% Imws [( QF—)Lsin/LI= g, +¥ cosAq, +¢q4:|

2
+'é.IR,,.S [(gé‘,),_cosAFq,-xL simtrc}z + 'l/’c'f, +eq5] (32)
+’f Ms [hLEh + (%Sb:)LSi"‘AFrC.]I + YLCOS-AF ré}z + ¢(Yl:+r) C'H
.12
+6 X, q5]
The total kinetic energy is

T=Tes. + T +7T5 (33)

(%)
The mass and inertia terms are obtained from dt 3"11
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L, Determinant Elements

By expanding the expression for the total kinetic energy and applying
the Lagrange equation to the energy expressions the determinant elements

below are obtained,
It should be noted that the following substitutions have been made:

Y= nsinAg I,= fr, odr

(A =(-§;h;),_cosA, = f odk
= (§) 5, f rordn

Ny= %.cos A, Sye= Mcr

m= ('%)_sin/t, T, = Tyt M, r?

0= (% (1+jg) L=, +M (r)?
To=Ie+ My XS

Integrating along ds and multiplying bycos /\_ is in effect inﬁegmting
along dX

Thus
Lecos A

ff(x)d.x= cos./\.f f(s)ds
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DETERMINANT s
Fin Bending (h) vs, Fin Torsion (¥ ) vs, Stabilizer
Rocking (¥) vs. Fuselage Side Bending (¢)

vs, Fuselage Torsion (&)

h Y 14 g &
% Dy Do D3 Dy D5
4 D1 D2 Doy { Doy Dasg
v D31 D32 D3 Dy, D35
é D D2 D3 By Dus
e Dgy D52 D3 Dgy Dgg

1l - h -~ Fin Bending

2 - ¥ - Fin Torsion

3 -V - Stabilizer Rocking

4 - @ - Fuselage Side Bending

5 - @ - Fuselage Torsion

WADC TR 52-162 138




DETERMINANT ELEMENTS:

= (1- n)[fmhds,,+Iynh+I Y+ Mg h +2Sys hLm]
+ wpcos A, fB h L,,+B3hh sin Ay (La+My)+ B h.sm./\,J'ljlcls.F
+2rpcos AV, f B (B?t'y)s Ly, dsg

Le

D,z—f53h8d5F+Iyn,7lu I, ¥ Y + Ses h. Ny
+ wPCos"A, f {B,hx[L (% +a)L,]+BE hesinAM, (/z+a.)M,J}d
- 21wpcos AW Y, f B (Bly) Ly dss

Ls . .
Do= IV Y, + Z'lrpcos_/\_s'llf%fo B (BRy)s Lndss

Dy,= [LF[mh¢YR+mh¢stinAF + Sy h¢cos./\.,.-:| dsg
+ [ Lyaw + Sus a+r)m, + Ms g (i +r) hy
+wpcosAg f LF{B:h #(Yet+spsinAg)Lp + B hglla (e +a)eos?, Ly
° +Brh'g (Ye+sesinAg)sinAp M,
+BERgSIRA M- (2 a)cosAr M)} ds,
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DETERMINANT ELFMENTS (cont'd.)

f[m he Xg + rnhesr cos A\ g-Sy hasm./L]ds + 1,6+ Mo Xh, + Sy 80X, T,
+rpcos A, f [BF he (Xg +S¢ cos A, )L, +B:he(%+a)sinAgcosA, Ly
+B R e (X + 5, cosA)sinAM,
+ B e (at+a)sinArcos ArM))ds,

Ls
+Z1recosAs'V’;pf B (er): L,ds;
Le |
Dy= [ Sehvdse+ Inyy- I Yo By + Sy iy
Lg ,
smpcostA, [ {Brhy[My-(hra)L B hxsin./LFW;('/zm)L«]] ds
Ls

-2wpcosAsY, 'V,Zf B2 (Bzy):l_;,d.ss

= (-0 )[II ¢)'2ci.sF+IY’l(ar +Ig ’VQ]
+mpcos’A f B|= Y {M -~ (4 +a)lM,)+ (L+a) L]ds,,
r2mpcos AW ] B2 (Bay): L, dss

Ls
Dys= =TV % - ZTrpcosJ\.s’W%fB: (Bxy)? L, ds,
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DETERMINANT ELFMENTS (cont‘'d.)

L
D24 = .[ [SY Y¢YR+ 53’ X¢$,_-Siﬂ./1.r fI). 3'¢C05AF]dSF+¢{Iyaw+ SXS (Yl:*r )]717
L
+r ECOSA; f F{B: ye ();+5Fsin./1.,)[M,,- (%+a) L,,]
+ B: b7 [{M.‘-( %1a)l ) - (4+a)cos* A, {M,- (&m)L,,}]}dsF

Le
D,s= j: [Sx voXg+ Sy ¥esecosA -1y ve Sin_,téld,s,,— I8, +5,56Xe My
Le
+wpcos, f {B: ¥6 (XR+s..c0511..=)ﬂW|.- (% +a.)L,,]
+B: e (% +a)sinA, cosA,,[Mr(&m)Lh]} ds,
Le s
-2 mpcosA, ’V,ef Bs (Bzy)s Ly dss
Ls
Dy= LYY +2wpcos A ¥¥, [ B (Bay)Lydss =D,
Ls 2 2
Ds2 = -IRV"G‘ZWPCOS-A-J'VJ B (Bay); L dss = Dzs

Ls
Dss= (1-0,) I ¥+ 2mpcos A 'Wf B2 (Bay ). Ly dss

D3s= 0
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DETERMINANT ELEMENTS (cont'd,)

Le
[mhdYR + mhgsgsin A, +5,h¢cos./\.,=:| ds,

Dy = fo
+¢ [Imw + Sys (Yt"'r)]"b. + Mg g(Ye+r) hy
Le , z
+wpcos /g f {B:h ¢ (Yo+ sesinAg)L,+B: h;t[M,,— (h+a)cos®Ar L;,]
+B; he (Y +8esinAg)sinAg Lo
+ B,‘:'b{;z!.sin./\lF [M.x -(%+a)cosAp L x]}d.sF
Le
D4z = f [5, Yp Yy + Sy YPSesinAe+1,¥p cos.A.,:_l ds,
+¢[IYa.w + Sy (Y{-H’)]’Ylg
Le | |
+ e cos’:/\,f {BF y¢ ();+5Fsin_A.F)[Lo< - (%ta) L"]
+ Bf <Y¢[{M.,- (hra)M,} — (’/2+a.)cosf/tF{L;('/z+a)th}dsF

Dy3=0 =Dy

WADC TR 52-162 L2




7' 1

DETERMINANT ELEMENTS (cont'd.)

D,.= (I-1,) fol::r;r¢zsfsfnﬁf +2m@*Y 5. sinAs +2 S, ¢* Ve cos A ¢
+2Sypsesind, co.s_/\.;ld Sg + ¢‘cL:os‘JtF.IF + X M,
+ Iyy g%+ 1, ¢z} + wecosAfl F{B: ¢z(Yg+s,sinJ\,,)th
+Bio* (Y, +s,=sin_/LF)[(M,, +Llo)-2 (% ta)cos’A, L,,:]
+Bl g’ [M,‘- (% +a)cos’Ae{fMy+Le) - (%4 a—)cos’:A.rL..ﬂ}dsF

Dys= L LfmsF go(YecosAp +XgsinAg) +ms2posinApcos,
+ Sy B8 (Xgcos N -YgsinAg) + Sy sego (cos/A —-SinzLA.f)] olse
+8Y,6X Mg + (% +r)eXe M5~ gosinAgcose I
+ ‘n‘eco.s.A.,J;LF{B:e (Xe+ SpcosAp)g (e +sesinAe) Ly
+Br g (Yot s.sinA;) e (k% +a) sinAgcosAe Ly ‘
£ Bg6(Xe+ spcosAe)[My=(ara) cosiA L] |

+ B go (Y2+a)sinArcosAe [M,,- (h+a)cos*Ag L;,]} ds,

WADC TR 52-162 143




DE'I'EMNANT ELEMENTS (cont'd.,)

Ds = f EnheXR +mhechos.A_ S,he.sm_A.F]ds,,-f-I oW} +Ms0 X, h+5,.6X7,
+rpcos A f [B he(Xg+Secos A )Ly +Brhe (%ta)sinAcosA, L,
+B: he (XgtsgcosAg)sinAel . +B, ha(ém)smfﬁ.,caiAFL;ldq,

Ls
+2ZrpcosAs W,‘,J B_f (Bxy) L, dsq

Le
Dso=[ [SyroXetS, vos,cos - L ¥esin A Jds, - I,o%; +Sy,6X, 7,

+rpcosiA f {B Yo(Xg+SeCcosA )[L -(/z+a)LhJ
+Blve (/7,+a.)smAFcosAF[L.‘ - (/z+a)Lh]} ds
Ls
-Z‘rrpcos./ts'llg,af Bs (Bxy)s Lids,

Dse= Llr[ms,,«pa(chosA,+ng‘mJ1.F)+ ms2desinA,cos g
+5, p0(Xecos A=Y, sinAs)+ Sy Sego(cosiAy-siniA.)] ds,
+ YR 6XgMe+ B (Yo +r)e X, Ms—gosinApcosAg L,
+ recos g foLF{B,f 8(Xg+spcos ;)¢ (Yg+sesinAg)L,,
+B; po (Ve +sesinAe)zta)sinA cos AL,
+B; go (Xg +5Fcos./1.r)[L.<- (b+a)cos*A, Lh]
+Bige(4+a)sinA, cos A, [L « - (Bta)cos*A, Lh]} ds,

WADC TR 652-162 Wk




DETERMINANT ELEMENTS (cont'd.)

D5 = (l-ﬂs){ LLF[mezs,fcosz,, +2me* Xgsp Cos N p-25,6° Xesin A
~2540%s.5 inAFcosAF] ds, + Loy 0% +0* Xg Mete®sin?A, 1,
+6 Isr} +rec os.A.FJ; Lr:[B,f 0% (Xg+ S cos A )L,
+2B2o*(Xet+ spcos A N%+a)sinAcosAe L,
+Ble*(h+a) sinAccos*Ag L;.]d.s,-

Ls
+ ZwecosA@I B2 (BX"): Lndss

WADC TR 52-162 145




